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We examine the increase in voltage noise in capacitive sensor circuits due to the stray-capacitance
introduced by connecting cables. We have measured and modelled the voltage noise of various stan-
dard circuits, and we compare their performance against a benchmark without stray-capacitance that
is optimised to have a high signal-to-noise ratio (SNR) for our application. We show that a factor
limiting sensitivity is the so-called noise gain, which is not easily avoided. In our application the
capacitive sensor is located in a metallic vessel and is therefore shielded to some extent from ambient
noise at radio frequencies. It is therefore possible to compromise the shielding of the coaxial con-
necting cable by effectively electrically floating it. With a cable stray-capacitance of 1.8nF and at a
modulation frequency of 100kHz, our circuit has an output voltage noise a factor of 3 larger than the
benchmark.
I. INTRODUCTION
Capacitive sensors have a long history of use in scien-
tific measurement,1 and are used extensively across vari-
ous branches of science.2 Applications include displacement
transducers3 or straightforward capacitance meters.4 See the
recent review article by Ramanathan et al. for further exam-
ples of capacitive sensors.5 Capacitive displacement sensors
are attractive devices as they have no Johnson noise and their
sensitivity is therefore limited by the noise from the electron-
ics that provides them with a measurable readout. However,
for reasonable geometries and frequencies, capacitive sensors
have large impedances, and this leads to them being sensi-
tive to the stray-capacitances of coaxial cables that are often
needed to connect them to a pre-amplifier. The literature of-
ten describes the problems associated with stray-capacitances
in terms of the biases they create rather than with increase
in noise. This paper discusses the latter issue. As discussed
below, the stray-capacitance can increase the noise gain and
severely reduce the signal-to-noise ratio (SNR). One way to
mitigate the effects of stray-capacitance is to reduce the in-
put impedance of the sensor by using a resonant circuit or
an impedance matching transformer.6 However, these tech-
niques necessarily introduce Johnson noise. Further, stray-
capacitance associated with the required inductances, trans-
formers, and circuit boards can shift the resonant frequency
and make these strategies less robust and straightforward.7
This paper proposes an alternative viable method that limits
the effect of stray-capacitance on the noise gain as explained
below. This improvement comes with a large reduction in the
effectiveness of the coaxial cable in shielding the device from
ambient electromagnetic environmental interference (RFI).
However in many sensitive applications the sensor is placed in
a metallic vessel, such as a vacuum chamber or low tempera-
ture cryogenic dewar (our case), which can provide reasonable
shielding from RFI and additional shielding from coaxial ca-
bles may not be necessary. In such cases degradation of the
SNR is avoidable. The optimum choice comes as a trade-off
between required SNR and ambient noise.
Stray-capacitance can be a particular issue in cryogenic ex-
perimental set-ups where it is necessary to use long coaxial
cables that have a small gauge in order to minimise their heat
leak. However such fine coaxial cables have large capaci-
tance per unit length. In practice lock-in amplifiers operating
at specific frequencies can be used to avoid the effects of in-
terference out of the demodulation band, which can typically
be at around 100 kHz. This technique can be successfully
employed provided the dynamic range of the pre-amplifier in
the detection circuit is not exceeded by the RFI. Therefore,
in addition to the noise performance, the effectiveness of the
coaxial cable and the surrounding vessel in rejecting electro-
magnetic interference must be taken into consideration. We
suggest below that, by making a minor adjustment to a typ-
ical transimpedance capacitive sensor circuit, a satisfactory
compromise can be obtained between having a usable noise
performance and an acceptable rejection of RFI. We present
measurements taken in our laboratory to support this.
II. NOISE GAIN
Before we proceed to describe the details of the circuits that
we have tested we will explicitly define the problem of the ex-
cess noise introduced by stray-capacitance at the input of an
amplifier. Noise gain is a term used in the design of opera-
tional amplifiers and appears, from conversations with physi-
cists and engineers, to be little appreciated. However for our
purposes it has a definite simple meaning that is illustrated by
Figures 1 and 2. In Figure 1 we show a simple diagram of
a non-inverting amplifier were we have represented its volt-
age noise, Vn, in the usual way as a random voltage generator
at the non-inverting input of the amplifier. It is clear that the
output voltage noise is8
Vo = GVn, (1)
where
G= 1+
Z2
Z1
. (2)
G here is the noise gain but it is easily seen to also be the
non-inverting signal gain of the amplifier in the infinite gain
bandwidth approximation. Now if we examine Figure 2 where
we have redrawn the amplifier in a transimpedance mode with
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U1A
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Z1
Figure 1. A diagram of a typical non-inverting amplifier where the
voltage noise of the amplifier is represented by a voltage generator at
the non-inverting input.
Out
U1A
Z2
Vn
I1 Z1
Figure 2. A diagram of a typical transimpedance circuit: taking a
current input signal I1 and converting this to a voltage output signal
by the op-amp labelledU1A.
a high impedance current source, I1, with impedance, Z1, con-
nected to its inverting input. It is clear that the output voltage
noise from the op-amp is again given by Equation 1. It is also
clear that the presence of a low impedance to ground, such as
that due to stray cable capacitance, at the inverting input of
the amplifier can introduce significant output voltage noise.
III. CIRCUIT TESTS
In this section we present the noise measurements of vari-
ous capacitive sensor pre-amplifier circuits. The exact circuit
used in each case is presented where relevant but the general
schematic diagram for all measurements is shown in Figure 3,
where the signal path to and from the spectrum anlyser used
to measure the noise is shown.
In this section the variable input capacitance and pre-
amplifier circuits are located on the same circuit board and
within the same aluminium shielding. In Section IV, however,
these two parts are separated as described in that section.
Variable Input
Capacitance 
Spectrum
Analyser
Grounded 
Aluminium Shielding
Pre-Amplifier
Circuit
Figure 3. A schematic diagram of the measurement set-up for the
circuit noise measurements.
1
1
2
1
1A
Figure 4. A diagram of the benchmark transimpedance circuit: tak-
ing a current input signal from the changing capacitance labelled C1
that is driven by a voltage generatorV1. This is converted to a voltage
output signal by the op-amp labelledU1A.
A. Benchmark Circuit
A standard transimpedance circuit acting as a capacitive
sensor is shown in Figure 4 where the voltage generator,
V1, connected to a changing capacitance C1, produces a cur-
rent input signal for the op-amp U1A. The absence of stray-
capacitance means that this circuit can be considered to be a
benchmark in terms of noise. The feedback network consists
of a resistor R1 and capacitorC2 in parallel.
The output voltage noise from this circuit can be modelled
by taking into consideration the main sources of noise present.
These are the thermal noise from the feedback resistor R1,VR1,
the current noise density of the op-amp being used, In, and the
op-amp’s voltage noise density,Vn, which is multiplied by the
noise gain of the circuit, G.
Noise gain in general can be changed without modifying
signal gain. The noise gain for this benchmark circuit is de-
scribed by the following equation
G=
iωC1R1
1+ iωC2R1
+ 1, (3)
where as usual i is
√
(−1). The total output voltage noise, VT
( V√
Hz
), is then given by the equation8
VT =
√
(VR1F)2+(InR1)2+(VnG)2, (4)
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Figure 5. The voltage noise measurement of the benchmark circuit
in Figure 4 and associated analytical noise model from Equations 3
and 4 using the same components as the measurement.
where the amplitude spectral density of Johnson noise in the
feedback resistor R1 is given by the usual expression
9
VR1 =
√
4kBTR1. (5)
F is a one-pole low-pass filter term created by resistor R1 and
capacitor C2 which acts to attenuate the Johnson noise pro-
duced by resistor R1 and any signal at frequencies above the
pole of the filter (1/2piR1C2). In our measurements C2 was
chosen to be 1.8pF , but in practice the capacitance measured
across R1 varied between 3pF and 4.5pF due to the capac-
itances present on the circuit board used, leading to the re-
duction in measured noises at higher frequencies. The models
used in this paper reflect these measured values. This simple
analysis ignores the effects of the finite bandwidth of the op-
amp, where the open-loop gain reduction at high frequencies
must be taken into account. This, however, is acceptable in
this case as the noise gain here is not affected by the smaller
open-loop gain at high frequencies.10
The analytical expression for the voltage noise of this cir-
cuit in Equation 4 was compared to a direct measurement. In
the voltage noise measurement, and all other noise measure-
ments described in this paper, a Hewlett-Packard 35665ADy-
namic Signal Analyser was used to measure the voltage noise
directly from the output of the circuits. In order to eliminate
as far as possible environmental background noise, the cir-
cuits under test were contained in aluminium boxes of wall
thickness’s of approximately 5mm and were powered by bat-
teries. The circuit was designed to optimise the noise perfor-
mance for our displacement transducer ignoring the effects of
any stray-capacitances.11 This leads to a design with low cur-
rent noise and therefore large values of feedback resistance
R1. The following component values were chosen for the
benchmark circuit: capacitor C1 was 3.5pF , C2 was 1.8pF ,
the resistor R1 was 620kΩ and the op-amp used for U1A was
a LTC6244HV. These values approximately match those that
will be used in the detection circuitry for the capacitive sen-
sor in the experiment where the modulation frequency is set to
100kHz.11 The measurement and model are compared in Fig-
ure 5. At 100kHz the voltage noise is approximately 67.9 nV√
Hz
.
It is interesting to note that there is a peak in the noise plot
in both Figure 5, and later in Figure 13, at about 12kHz and
must be due to some residual leakage of RFI into the set-up
shown in Figure 3. Our models only look at the voltage noise
inherent in the circuits alone as the Equations 3-5 suggest, and
so we are not expecting to be able to predict and model the
1
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1
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Figure 6. A diagram of a circuit (circuit B) which models a stray-
capacitance through the capacitor labelledC2.
out
U1A
R1
C3
V1
C1 C2
Figure 7. A diagram of the equivalent noise circuit from Figure 6,
where the numbered components remain the same.
local interference in our laboratory. Despite this, the simple
analytical model describes the noise well.
B. Stray-capacitance Circuit
As a first attempt to model the effect of the stray-
capacitance due to a cable we use a capacitor, labelled C2,
which is connected to ground as shown in Figure 6. We re-
fer to this circuit as circuit B. The noise gain for circuit B
is altered from that of the circuit in Figure 4 as the input
impedance now comes from capacitors C1 and C2 in paral-
lel. An equivalent noise circuit for the noise gain in Figure 6
is shown in Figure 7.
The noise gain for the circuit in Figure 6 is given by the
following
G=
iωR1(C1+C2)
1+ iωC3R1
+ 1. (6)
In generalC2 >>C1 and this leads to a large increase in noise
gain. Inserting this new noise gain into Equation 4 gives an
analytical expression for the voltage noise for circuit B. Un-
like the case of the benchmark circuit in Figure 4, the finite
bandwidth of the op-amp was taken into account here10. This
predicted noise was compared to direct measurement using
the method mentioned previously. In measuring the noise of
circuit B, repeated components from Figure 4 were kept the
same and C2 was 1.8nF which matched approximately the
stray-capacitance of coaxial cable of the type used in our ex-
periment at a length of 3.5m. The measurement and model
are compared in Figure 8. At 100kHz the voltage noise is ap-
proximately 3.8 µV√
Hz
. The simple analytical model describes
the noise well.
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Figure 8. The voltage noise measurement of the stray-capacitance
modelling circuit (Circuit B) in Figure 6 and associated analytical
noise model from Equations 4 and 6 using the same components as
the measurement.
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Figure 9. A diagram of a circuit (circuit C) using the common feed-
back technique of a buffer op-amp, for reducing the effects of stray-
capacitance from the capacitor C2.
C. Buffer Op-Amp Feedback Circuit
A common method for reducing the effects of stray-
capacitance is shown by the circuit in Figure 9 labelled circuit
C.12,13 In this situation a buffer op-amp, labelledU2A, is used
in a feedback loop to drive both sides of the capacitor, C2,
to the same voltage. In principle this should remove the ef-
fects of stray-capacitance. While this method has been shown
to eliminate the bias capacitance due to the cable and the in-
stability in circuits with large stray-capacitances, depending
on the choice of op-amps used,14,15 it does not improve noise
performance.
The output noise of circuit C was measured using the
method mentioned previously; the component values and
types were identical to those in Figure 6. The buffer op-amp
U2A was initially chosen to be an OP07. An analytical model
for the voltage noise at the output of this circuit can be de-
rived by considering the noise introduced across capacitorC2
from the op-ampU2A in Figure 9. The total voltage noise, V2T
( V√
Hz
), introduced is given by the equation
V2T =
V2nR1F
Zs
(7)
where V2n is the buffer op-amp’s voltage noise in units of
( V√
Hz
), and Zs is the impedance of capacitorC2. R1 is the resis-
tance value in the circuit and F is the low-pass filter term from
Equation 4 which at 100kHz is 0.55. In practice the pole of F
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Figure 10. The voltage noise measurement of Circuit C in Figure 9
and the associated noise model from Equation 7. Also included are
analytical and LTspice models using a LT1360 op-amp rather than
the OP07.
would be at higher frequencies where it would not attenuate
any signal.
The voltage noise measurement and model are shown in
Figure 10. At 100kHz the voltage noise is approximately
3.0 µV√
Hz
. Also shown in Figure 10 is the analytical model and
LTspice result for the LT1360, asU2A, which is an operational
amplifier with a faster slew rate and lower voltage noise den-
sity than the OP07. Using this op-amp the voltage noise is
reduced to approximately 2.9 µV√
Hz
at 100kHz. The analyti-
cal model describes both the measured and LTspice predicted
noise spectra well.
This analysis shows that the presence of the buffer op-
ampU2A can contribute a significant amount of output voltage
noise to the circuit, as the stray-capacitance, C2, will couple
the noise to the signal carrying core.16 It also suggests that
the similarity between the noise measurements in Figures 8
and 10 is coincidental. Where for Figure 8 the increased noise
comes from the op-amp voltage noise being multiplied by the
large noise gain, and for Figure 10 it arises from the feed-
back op-amp voltage noise being introduced across the stray-
capacitance.
D. Proposed Noise Gain Modification Method
Figure 10 shows clearly that the conventional solution to the
problem of stray-capacitance, which although allows a circuit
to operate in a stable and accurate manner, gives an increased
voltage noise. The goal is then to reduce the effects of stray-
capacitance on the stable operation of a transimpedance cir-
cuit, while maintaining as low a circuit noise as possible com-
pared to the benchmark circuit.
One way to do this is to reduce the noise gain of the cir-
cuit. This can be done by using the set-up shown in Figure 11,
whose equivalent noise circuit for the noise gain is shown in
Figure 12. In this circuit, labelled circuit D, the signal gain is
the same as for the benchmark circuit in Figure 4, but now the
noise gain is altered from Equation 6 to the following
G=
iωR1(C1(C2+C3)+C2C3)
(1+ iωC4R1)(C2+C3)
+ 1. (8)
This change is due to the introduction of the capacitor la-
belled C3, which is in series with the stray-capacitance C2.
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Figure 11. A diagram of a test circuit (circuit D) which modifies the
noise gain to offset the effects of the stray-capacitance from capacitor
C2.
out
U1A
R1
V1
C1 C2
C4
C3
Figure 12. A diagram of the equivalent noise circuit from Figure 11,
where the numbered components remain the same.
If C3 <<C2, then Equation 8 reduces to Equation 3 which is
the benchmark best-case scenario.
When this new noise gain is used with the general noise
formula given in Equation 4, we obtain an expression for the
voltage noise of this new circuit. The noise of circuit D was
measured using the method mentioned previously. Repeated
components from Figure 6 were as before andC3 was 1.8pF .
The measurement and model are compared in Figure 13. At
100kHz the voltage noise is approximately 68.8 nV√
Hz
. As with
the previous noise measurements, the model matches the mea-
sured voltage noise well.
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Figure 13. The voltage noise of the circuit where the noise gain has
been modified as shown in Figure 11 . Measured and predicted noise
from Equations 4 and 8 using the same components as the measure-
ment. Notice that this is nominally the same as Figure 5.
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Figure 14. Real coaxial cable voltage noise measurements of circuits
B and D compared to an unshielded cable benchmark circuit and test
circuit D noise measurement.
IV. SHIELD EFFECTIVENESS
For our candidate circuits it is important to quantify the ef-
fectiveness of the coaxial cable in shielding the signal carrying
wire from environmental electromagnetic interference. This
was done using circuits B and D, as circuit B is the typical
shielded scenario and circuit D represents our method where
the shield is now floating with respect to ground and as such
is less effective. The in-situ cables in our experiment were
attached to the inputs of these two circuits whilst they were
located in our laboratory. This allowed a direct comparison
of the output noise to be made under lab conditions. A mea-
surement was also made with the benchmark circuit but with
an unshielded cable at the input to the op-amp, to give a refer-
ence noise for the background interference. A very important
feature to note here is that the majority of the length of cables
involved were inside a large metallic cryogenic dewar (which
was electrically floating with respect to the circuits under test
through a 1.8pF capacitor to ground) which would have pro-
vided extra shielding regardless of whether the coaxial shield
was floated or not. This is typical for any cryogenic experi-
ment and so is a fair comparison.
These measurements, along with the test measurement of
circuit D from Figure 13 for comparison, are shown in Fig-
ure 14. This figure shows that although there are significant
interference noise peaks at certain frequencies for the in-situ
circuit D, overall there is a much lower noise floor compared
to the in-situ circuit B implying that the lowering of noise
gain is worth the reduction in electromagnetic interference
shielding. Also the no-shield scenario is shown to be a non-
viable alternative to the problem of parasitic capacitance from
shields. At 100kHz the in-situ circuit D noise is approximately
3.1 times larger than the test circuit D case. Aside from inter-
ference, additional noise creating this disparity between sce-
narios could arise from unaccounted for parasitic capacitances
within the experimental set-up. As already stated, our set-up
of course benefited from the fact that for the in-situ measure-
ments, the majority of the cablingwas contained inside a cryo-
genic dewar, which would have provided additional shielding.
V. SUMMARY
A summary of the voltage noises at 100kHz for the bench-
mark circuit, and circuits B, C and D from Figures 4, 6, 9
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Table I. A summary of the voltage noise results at 100kHz for the
benchmark circuit, and circuits B, C, D. The in-situ measurements
are also included.
Circuit Voltage Noise ( nV√
Hz
) Disp. Noise ( pm√
Hz
)
Benchmark Circuit 67.9 6.2
Circuit B 3767.0 341.5
Circuit C OP07 3048.0 276.3
Circuit C LT1360 2940.0 266.5
Circuit D 68.8 6.2
In-Situ Circuit B 1665.0 150.9
In-Situ Circuit D 214.8 19.5
In-Situ No-Shield 8059.0 730.5
and 11 respectively, is listed in Table I. The same is done for
the in-situ circuits B and D as well as the no-shield circuit
from Figure 14 for comparison.
These noise values have been converted into displacement
noises in the table. This is to highlight the projected phys-
ical sensitivities of these circuits based on the specifications
of our experiment, where we have a bias AC drive voltage of
4.0Vpp, a capacitor plate separation of the order of 1mm in
the capacitive transducer bridge and a capacitive plate area of
2× 10−4m2.
VI. DISCUSSION
The voltage noise from a variety of pre-amplifier circuits
for non-resonant capacitive sensors has been measured and
modelled in order to explore the negative effects of large stray-
capacitances at their inputs. Five different test circuits were
compared: one was a standard pre-amplifier that was opti-
mised for our application with no stray-capacitance (Bench-
mark circuit); one was the standard pre-amplifier but now
with stray-capacitance (circuit B); another two employed ac-
tive feedback to maintain the cable shield at the voltage of the
input to the op-amp (circuit C using two different amplifiers
for the active feedback). Finally, a novel circuit (circuit D)
was tested. A summary of the noise characteristics of these
circuits is shown in Table I. Circuit D had the best noise char-
acteristics, along with the benchmark circuit, and is shown in
Figure 11. The addition of a simple small capacitance, C3,
connecting the shield to the non-inverting input of the pre-
amplifier reduces the noise gain that is produced by the low
impedance of the shield. The voltage noise for this circuit is
shown in Figure 13.
In-situ results indicate a modest increase in noise, by a fac-
tor of 3, due to environmental interference and the non-static
capacitances present in our actual set-up. This increase is,
however, still acceptable at the signal modulation frequency
of 100kHz. This indicates environmental interference is rel-
atively benign in this situation and so the reduced shield ef-
fectiveness is not significant in this case. In our experiment
this is due to the fact that the signal carrying coaxial cable is
mostly inside a cryogenic dewar which is effectively a Fara-
day cage and a shield against high frequency magnetic fields.
Clearly standard modulation/demodulation schemes can mit-
igate against low frequency interference if it does not over-
whelm the pre-amplifier. The degradation in the measured
shielding effectiveness is not equivalent to there being no
shield at all, as shown in Figure 14.
VII. CONCLUSION
The proposed circuit is a trivial extension of the usual meth-
ods of designing a capacitive sensor circuit. However, as far as
we are aware, it has not been proposed previously most likely
due to the perception that it is incapable of providing shield-
ing from environmental interference. The proposed technique
could be successfully employed in many applications in addi-
tion to cryogenic experiments. For example, vacuum systems
are employed in many sensitive experiments and would pro-
vide electromagnetic shielding from external noise sources.
In general, however, there may be situations were interfer-
ence is a dominant factor that determines a capacitive sen-
sor’s sensitivity. A particularly important case is when an un-
shielded drive signal at the input of a bridge circuit (V1 in Fig-
ures 4, 6, 9 and 11) can couple directly to the pre-amplifier.
In such cases a method for which the shield effectiveness is
preserved should be employed.
One way to balance the benefits of a decrease in noise gain
with the negatives of a reduction in shield effectiveness may
be to make capacitor C3 from Figure 11 a variable capacitor.
This could allow the trade-off to be fine-tuned for more gen-
eral applications, and may be a more general solution to the
problem of stray-capacitance when external interference can-
not be ignored and where fine cables are required to minimise
the heat leak in a cryogenic experiment. In our case, plac-
ing the pre-amplifier circuit near the point where the coaxial
cable leaves the cryogenic dewar further reduced interference
and drove the voltage noise closer to the ideal value.
Finally, it may be useful to the reader if we compare the
performance of the capacitive sensor presented here with, for
example, a resonant capacitive sensor.6 In general, the sen-
sitivity of capacitive sensors is proportional to the bias AC
drive voltage applied to the electrodes, and inversely propor-
tional to the equilibrium separation distance between the two
sensing electrodes. For the resonant bridge transducer these
parameters are 2.1Vpp and 0.25mm respectively.
6 Other fac-
tors such as capacitance plate area and drive frequency are
important but strongly depend on each individual case as to
what is practical. From Table I, the in-situ circuit D sensor
has a displacement noise of 19.5 pm√
Hz
that would be expected
to be about 14
pm√
Hz
after coherent demodulation, whereas the
resonant bridge transducer has a noise floor of approximately
1.0 pm√
Hz
above 1Hz.6 We can estimate an approximate sensi-
tivity of our detector if we employed the same gap and drive
voltage as that for the resonant sensor. These parameters can
be easily modified in our design. We then find that our de-
vice would be a factor of about 7 less sensitive. Nevertheless
we believe the simplicity of the transimpedance scheme that
we have presented here has its merits. Further our device has
been demonstrated in a cryogenic setting and has sufficient
sensitivity for our application.11
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